target genes to elicit various cellular responses. How-
ever, the potential role of Foxo proteins in phenotypic modulation of SMCs remains elusive.
Here we investigate the effect of Foxo4 on phenotypic modulation of vascular SMCs. We show that Foxo4 interacts with myocardin and inhibits SM contractile gene expression. The PI3K/Akt pathway mediates the promyogenic effects of IGF-I on SMC phenotypes, at least in part, by promoting the signal-dependent dissociation of Foxo4 from myocardin. Consistent with this notion, we show that nuclear Foxo4 expression is upregulated in proliferating SMCs from the vascular neointima of the carotid artery following injury in vivo, a potent stimulus for phenotypic modulation of SMCs. The signal-dependent interaction of Foxo4 with myocardin provides a mechanism for coupling specific extracellular signals to the transcriptional program for SMC differentiation.
Results

The PI3K/Akt Signaling Pathway Promotes SMC Differentiation through Inactivation of Foxo4
Activation of the PI3K/Akt pathway by IGF-I promotes SMC differentiation through an as yet undefined mech- expressed only low levels of Foxo4-TM were recovered Under serum-free conditions, GFP-Foxo4-TM, as well ( Figure 1D ). We were unable to obtain clonal A7r5 cells as wild-type GFP-Foxo4, were nuclear localized in that expressed high levels of Foxo4-TM. This is consisSMCs ( Figure 1B, top) . About 80% of the transfected tent with the fact that Foxo proteins can induce cellcells showed reduced expression of SM differentiation cycle inhibitor p21 expression (Nakae et al., 2003). As markers, such as calponin, compared to nontransshown in Figure 1D , A7r5 cells stably transfected with fected cells (Figure 1B , top, red staining, and Figure 1C )
Flag-Foxo4-TM displayed reduced expression of SMor cells expressing GFP alone (data not shown). IGF-I calponin and SM22α compared to control A7r5 cells, promoted nuclear export of wild-type GFP-Foxo4, and even though the Foxo4 level was increased by less than cells with cytoplasmic GFP-Foxo4 showed normal SM-2-fold. Taken together, our data suggest that nuclear calponin staining, whereas GFP-Foxo4-TM was resisFoxo4 can inhibit SMC differentiation. tant to IGF-I signaling, and its nuclear localization and inhibitory effect on SM calponin expression were undiminished by IGF-I ( Figures 1B, bottom, and 1C) .
Inhibition of Differentiation of SMCs by Foxo4
Is Independent of DNA Binding To rule out the possibility that the inhibitory effect of Foxo4 on SMC differentiation was due to the high To determine whether the inhibitory effect of Foxo4-TM on expression of SM differentiation markers requires its expression level resulting from transient transfection, we stably transfected the A7r5 cells with a lentivirus binding to a Foxo-responsive element (FRE), we created a mutant protein (Foxo4-TMN) in which Asn152 in vector (pLenti) alone and pLenti-Flag-Foxo4-TM, re-ing. The inhibitory effect of GFP-Foxo4-TMN on SMC differentiation was first tested by expressing GFPFoxo4-TMN in A7r5 SMCs ( Figure 1B) . Like wild-type GFP-Foxo4 and GFP-Foxo4-TM, GFP-Foxo4-TMN inhibited the expression of SM-calponin when expressed in the nucleus of A7r5 cells, and it was refractory to IGF-I signaling ( Figures 1B and 1C) .
We then infected A7r5 cells with an adenovirus encoding Foxo4-TMN (Adtet-off-Foxo4-TMN) ( Figures 2D  and 2E ). Twenty-four hours after infection, cells were serum starved and stimulated with IGF-I in the presence or absence of LY294002. Lysates were harvested 1 hr later for Western blot ( Figure 2D (Figures 2A and 2B) .
The influence of Foxo4-TMN on the responsiveness of SMCs to PI3K/Akt signaling was explored by conFoxo4 siRNA Promotes the Expression of SM Contractile Genes structing a tetracycline (tet)-responsive recombinant adenovirus (Adtet-off-Foxo4-TMN) in which expression To further test the involvement of Foxo4 in modulation of SMC phenotypes, we performed gene knockdown of Foxo4-TMN was repressed in the presence of doxycyclin (Dox). In the presence of 10 ng/ml Dox, Foxo4-experiments with Foxo4 siRNA. As shown in Figure 3A , transfection of A7r5 cells with increasing amounts of TMN expression was repressed to an undetectable level, whereas at a concentration of 0.1 ng/ml, Dox did Foxo4 siRNA resulted in a pronounced increase in expression of luciferase reporters controlled by the not significantly inhibit Foxo4-TMN expression ( Figure  2C ). A7r5 cells expressing Foxo4-TMN showed deSM22a, SM-a-actin, and SM-MHC promoters. The effects of Foxo4 siRNA on the promoters of these SM creased expression of SM marker genes compared to control A7r5 cells ( Figure 2C ). Dox had no effect on the contractile genes were specific, as Foxo4 siRNA had little effect on an SV40-promoter-luciferase reporter. expression of SM markers in wild-type A7r5 cells (data not shown).
Transfection with GFP siRNA as a control also had little or no effect on SM gene-reporter activities. We next investigated whether Foxo4-TMN could override the promyogenic influence of PI3K/Akt signalTransfection of Foxo4-specific siRNA into A7r5 cells Foxo4-TMN were precipitated with anti-myc antibody or control IgG ( Figure 3D ). DNA from the immunoprecipitates was subjected to PCR analysis using primers specific to the promoter regions of the SM-MLCK, SMa-actin, and SM22a genes and the p21 cip1 gene, which encodes an inhibitor of the cell cycle (Sherr and Roberts, 1999). As shown in Figure 3D To test whether the endogenous Foxo4 protein binds to the promoters of SMC marker genes, we performed Figure 4F, lanes 2 and 3) . Similar coimmunoprecipitation experiments showed that Foxo4 interacts tions of several internal deletion mutants of myocardin with GST-Foxo4. As shown in Figure 4D , deletion of the with SRF and the interaction is increased in the presence of myocardin ( Figure 4F, lanes 5 and 6) . Taken toglutamine-rich domain had little effect on myocardin binding to Foxo4, whereas deletion of either the basic gether, our data suggest that Foxo4 forms a ternary complex with myocardin and SRF and that there may domain or the SAP domain significantly reduced the binding of myocardin to Foxo4. Taken together, these be some cooperativity between the binary interactions to yield the ternary complex. data suggest that the basic and SAP domains are the 
Foxo4 Suppresses the Myogenic whether Foxo4 suppresses the promyogenic activity of myocardin, we assayed the effect of Foxo4 and deleActivity of Myocardin
To test whether Foxo4 interferes with the transcriptional tion mutants of Foxo4 on myocardin activity in transfected 10T1/2 fibroblasts. As shown in Figure 5C , myoactivity of myocardin, we performed a promoter-reporter assay using myocardin and various deletion mucardin induced the expression of the SM markers SM α-actin, SM22α, SM-MHC, SM-MLCK, and SM-caltants of Foxo4. Foxo4 had no effect on myocardin expression ( Figure 4B, lanes 1 and 2) but inhibited the ponin (lane 2). Foxo4 and Foxo4-TMN strongly blocked the ability of myocardin to activate the SM gene protranscriptional activity of myocardin in a dose-dependent manner ( Figure 5A ). The Foxo4 mutant Foxo4-gram (lanes 8 and 9). Foxo4(89-325), which binds myocardin and inhibits its transcriptional activity, also effi-TMN, which is constitutively nuclear and DNA binding defective, showed similar dose-dependent inhibition of ciently blocked the myogenic activity of myocardin (lane 10), whereas Foxo4(325-505), which does not the transcriptional activity of myocardin ( Figure 5A,  compare lanes 8-11) .
bind to myocardin, failed to interfere with its activity (lane 12). Thus, there is a direct correlation between the To determine whether inhibition of the transcriptional activity of myocardin by Foxo4 correlated with its bindinteraction of Foxo4 deletion mutants with myocardin and their ability to inhibit the transcriptional and myoing to myocardin, we examined the effects of the Foxo4(89-325) deletion mutant on myocardin's trangenic activities of myocardin. scriptional activity. As shown in Figure 5A , Foxo4(89-325), which bound myocardin strongly in both GST pullFoxo4 Is Upregulated in Proliferating SMCs of the Injured Neointima down and coimmunoprecipitation experiments, had a similar dose-dependent inhibitory effect on the tranTo examine the possible involvement of endogenous Foxo4 in the modulation of SMC phenotypes in vivo, scriptional activity of myocardin as wild-type Foxo4 ( Figure 5A, lanes 13-16) .
we performed immunohistochemical staining for Foxo4 in SMCs of the neointimal layer of the mouse carotid To determine whether the inhibitory effect of Foxo4 on the transcriptional activity of myocardin was specific artery following flow cessation injury ( Figure 6A ), a wellestablished model of vascular injury (Kumar and Linder, to Foxo4, we tested whether Foxo1 and Foxo3a were able to block the stimulatory effect of myocardin on the 1997). Four weeks after ligation of the left common carotid artery, a neointimal lesion was clearly visible and SM22 promoter. The expression of Foxo1 and Foxo3a was confirmed by Western blot analysis ( Figure 5B ). Innuclear Foxo4 was substantially upregulated in proliferating neointimal SMCs of the ligated artery but not in terestingly, we found that Foxo1 and Foxo3a were unable to repress the transcriptional activity of myocardin the control uninjured artery ( Figure 6B ). (Figure 5A, lanes 18-21 and 23-26) .
10T1/2 cells expressing myocardin adopt morpholoDiscussion gies reminiscent of differentiated myocytes and express a set of SM gene markers when cultured in me-
The phenotypes of SMCs are highly plastic and sensitive to extracellular cues. In response to insulin and dium lacking serum (Wang et al., 2003b) . To examine (Figure 7) . lished results). Whether Foxo4 recruits HDAC4 to repress the transcriptional activity of myocardin in vivo remains to be determined. 
Cellular Functions of Foxo Proteins
RNA Analysis
Immunofluorescence Total RNA was isolated with Trizol reagent (Invitrogen) according to Cells were cultured on microscope slides. Twenty-four hours after the manufacturer's protocol. After treatment with DNase I (DNA transfection, cells were washed twice in PBS and fixed in 4% parafree, Ambion), random hexamer primed single-strand cDNAs were formaldehyde. The slides were mounted in vector shield medium synthesized from 2 g of total RNA using SuperscriptIII (Invitrogen).
containing DAPI or stained with suitable antibodies indicated in the The sequences of the primer sets for PCR are available upon reexperiments before mounting. quest.
Real-time PCR was performed using TaqMan on an ABI-PE Prism siRNA 7000 sequence detection system (Applied Biosystems) according
The Foxo4-specific siRNA sequence was 5#-GGACAAGGGTGAC to the protocol provided by the manufacturer. The primers and AGCAACtt-3#. siRNA was transfected into A7r5 cells using lipofecprobe sequences are available upon request. The relative quantitamine-plus reagent (Invitrogen). GFP siRNA and FITC-labeled nonties of mRNA were determined using either standard curve or comsilencing duplex siRNA (si-FITC) (Qiagen) were used as negative parative C T method and normalized against GAPDH mRNA. controls.
Cell Culture, Transfection, and Luciferase Assays 10T1/2 (ATCC), rat aortic smooth muscle cells A7r5 and A10 Carotid Artery Ligation and Immunohistochemistry Male mice (8-10 weeks old) were used in accordance with the (ATCC), and COS cells were maintained in DMEM supplemented with 10% FBS, 2 mM glutamine, and 100 U/ml penicillin/streptomyguidelines of the National Institutes of Health and American Heart Association for the care and use of laboratory animals. The proocin (Invitrogen). For experiments under serum-free conditions,
